Progress Summary
October 1993 -December 1993
In the 2nd quarterly report, we discussed the 1imeAimestone process which precipitates N-S compounds by adding limdlimestone in a narrow pH range, and which can be an alternative to the K2S04 process. In this report, we focused on investigations of the l i m h e s t o n e process.
First, we established a overall flow diagram for the limtdlimestone process. Based on the diagram, we performed preliminary experimental investigations to outline practical process conditions. Our major investigations concerned about effects of pH on precipitation of the N-S compounds and precipitation characteristics of N-S compounds in a continuous crystallization system. We also performed an experimental investigation to study crystallization characteristic of the ammonium sulfate in the hydrolysis liquor. In studying effects of pH, we performed batch precipitation of the N-S compounds in a broad range of pH and investigated the effects of pH on the amount of required lime, the amount of the precipitate, and the fraction of N-S compounds precipitated. The result revealed the optimum range for precipitation of N-S compounds to be pH = 7.6 -8.6. In studying continuous crystallization characteristics of the N-S compounds, a bench scale 4-liter continuous crystallization system was built to compare a typical Mixed-Suspension-MixedProduct-Removal (MSMPR) crystallizer and Double-Draw-Off @DO) crystallizer. In a preliminary test., the DDO was shown to be superior by increasing the average size of the precipitated crystals of N-S compounds from 97 pm to 142 pm and thus enhancing the filterability.
In order to obtain information for a practical design of the lirne/limestone process, we also set up a material balance for a 300 W e power plant facility. A preliminary calculation showed that a process on the scale could produce approximately 56 tons ammonium sulfate fertilizer per day.
The experimental results obtained up to now have demonstrated a practical feasibility of the lime/limestone process. However, all investigations required for developing the regeneration process are not complete. Therefore, detailed investigations need to continue next year with emphasis on this lime/limestone process for further investigation of the Iimdimestone as an alternative process to the &SO4 process. Figures   Fig.1 Process flow diagram of the limeflimestone process. Amount of the p r e c i p i t a e . p~.
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Introduction
The The limdimestone process to be studied is presented in Fig. I The limdimestone process described in Fig.1 is drawn based on our preliminary observations and therefore has aspects that requires further study, which are summarized in our proposal submitted for extension of this project to next year. In this study, we proceed with preliminary experimental investigations of the lime/limestone process: major investigations made here concern the effects of pH on precipitation of the N-S compounds and precipitation characteristics of N-S compounds in a continuous crystallization system.
We also performed an experimental investigation to study crystallization characteristic of the ammonium sulfate in the hydrolysis liquor. In order to obtain information for a practical design of the lime/limestone process, a preliminary material balance is also provided for a 300 MWe power plant facility.
Experimental Studies
Effects of pH on precipitation of N-S compounds
For the Iimeflimestone process described in Fig. 1 , precipitation characteristics of N-S compounds by addition of lime was studied via a series of batch experiments. Of various precipitation characteristics of N-S compounds, pH dependence is of our prime concern.
Thus we performed precipitation of the N-S compounds in a broad range of pH and investigated effects of pH on the amount of required lime, the amount of the precipitate, and the precipitated fraction of N-S compounds.
Experimental Procedure
Batch precipitation of N-S compounds was performed in a bench scale. 
Results and Discussion
The pH of the original waste scrubbing liquor provided by Dravo Lime Co. was approximately 6.5 -7.0. By adding pure CaO, the pH of the liquor was varied from 7.6 to 9.2. Fig.2 shows the amount of pure CaO required to increase the pH of the liquor.
Addition of CaO monotonically increased pH of the liquor upto pH -9.0. Addition of approximately 1 g Ca0/100 ml M.L. increased the pH of the liquor to 8.5. Fig.3 shows dependence of the amount of precipitated crystals on the pH of the liquor. As the pH of the liquor increased, the amount of precipitated crystals increased. As indicated in the figure, the trend of the increase appeared to be divided into two regions: below and above pH - gradually took on a yellowish brown color as the pH increased to around 8.6. The precipitates were, therefore, considered to be mainly composed of CaS04 and CaADS below pH -8.6. Above pH -8.6, increment in the amount of the precipitated crystals with pH was far greater than that below pH -8.6. In addition, the precipitates took on more brownish color w i t h the increase of pH because precipitation of iron hydroxides became significant. In order not to precipitate too much iron hydroxides, it Seems that an optimum liquor pH would be below pH = 8.6. Below pH -7.6, however, the amount of precipitated crystals was too small to expect an appreciable removal of N-S compounds.
Therefore, an optimum pH for precipitation of N-S compounds ranges 7.6 c pH < 8.6. indicate that a significant amount of the N-S compounds in the liquor was precipitated to form crystals which were not washable as easily as entrainments. Fig.6 shows what fraction of the N-S compounds in the scrubbing liquor was removed after precipitation by lime addition. The waste scrubbing liquor provided by Dravo lime Co. had approximately -0.312 N t e r N-S compounds (this was measured by hydrolyzing the liquor under 1 M sulfuric acid environment and then measuring ammonium ion formed after the hydrolysis). This concentration of N-S compounds corresponds -50,000 ppm in terms of A D S (this is greater by an order of magnitude than the value provided by Dravo.
However, a communication with Dravo indicated that their value may be incorrect). As the pH of the liquor was increased, the fraction of N-S compounds removed from the liquor . .
increased. Approximately 40 9% of the removal fraction could be reached around pH -8.5.
The higher removal fraction may be reached above pH -8.5, but it would be accompanied by an increased precipitation of iron hydroxides. sulfate is producible after hydrolysis. As the pH of the liquor is increased, the amount of ammonium sulfate producible increases because more N-S compounds precipitated with the pH of the liquor. Since an extreme pH for precipitating N-S compounds (i.e., pH < 7.6 or pH > 8.6) raises problems such as too small amount of precipitates or too much precipitation of iron hydroxides, an optimum is recommended between pH = 7.6 and 8.6.
Around pH -8.5, approximately 7 g ammonium sulfate per liter of scrubbing liquor can be produced.
Continuous Crystallization of N-S compounds
In continuous precipitation of N-S compounds, a process condition of prime concern is crystallizer operation which leads to increasing the size of the precipitates and 
Results and Discussion
For comparison of MSMPR and DDO crystallization operations, we performed continuous precipitation of N-S compounds under a fixed precipitation condition (mean residence time of the crystallizer, z = 1 hr; pH = 8.4). In the DDO crystallization, a DDO ratio of R = (Qo + Qu)/Qu = 10, was used [ Qo and Qu are the flow rate of the overflow and underflow, respectively].
i Fig.9 is a cumulative weight fraction vs. particle size plot for N-S compounds precipitated by the addition of lime slurry in the MSMPR and DDO crystallization configurations. In the MSMPR crystallization, a significant portion of the precipitated crystals (more than 70 wt % of the precipitated crystals) were distributed in the particle size less than 100 pm.
Contraxy to the MSMPR, the DDO crystallization configuration made more than 80 wt % of the precipitated crystals distributed in the particle size p t e r than 100 pm. Weight average size of the crystals obtained from the two continuous crystallization configurations was 
Crystallization of Ammonium Sulfate in Hydrolysis Liquor
In the regeneration process described in Fig. 1 
Experimental Procedure
Due to the limited quantity of N-S compounds that could prepared from the Dravo scrubbing liquor, it was difficult to saturate a hydrolysis liquor with ammonium sulfate by hydrolysis of N-S compounds. Therefore, in actual tests, we used a simulated hydrolysis liquor prepared by the following procedure. First, 9 gallons of scrubbing liquor was filtered to remove gypsum crystals. The mother liquor was then saturated at room temperature with ammonium sulfate by adding 7 kilograms of (NH4)2S04. After standing a day, the saturated liquor was filtered to remove undissolved solids. This filtration step was taken to remove most of magnesium sulfate originally contained in the scrubbing liquor.
Then, 3 kilograms of sulfuric acid is added to the liquor (this makes the acid concentration of the liquor similar to the acid concentration of an actual hydrolysis liquor, i.e., 1 M sulfuric acid solution). Next, 2.5 kilograms of ammonium sulfate were added and the ternperatw of the liquor was elevated to 60 OC to dissolve the ammonium sulfate. Then the liquor was ready for crystallization test.
A schematic of the set up used for ammonium sulfate crystallization is presented in Fig. 11 . The simulated hydrolysis liquor prepared by the procedure described above is stored at 60 O C in a 5 gal tank. The liquor was fed to a DDO crystallizer which operates at crystal product for analysis 5-gal feed tank 4-liter DDO crystallizer DDO ratio = 10 2 = 1 h r Fig.11 Schematic of the set up used for ammonium sulfate crystallization. Fig.12 shows photomicrographs of the crystals obtained by the DDO crystallization. As shown in the micrographs, a unique shape was obtained in different size of the crystals. To examine the chemical composition of the crystals, an element analysis was performed, the results of which are presented in Table 1 . Another possibility is Boussingltite, (NH4)2S04.MgS04.6H20. The nitrogen and sulfur content of the crystals obtained looked close to those of Boussingltite.However, the magnesium content was too small for Boussingltite. A direct comparison of the chemical composition with ammonium bisulfate was also unsatisfactory. To reexamine the result of the element analysis, the element analysis was repeated for the crystals obtained from a batch crystallization. However, the batch and DDO crystallization results were almost the same. Since the crystal substance was not clarified by a direct comparison, we conjectured the obtained crystals could be a complicated compound mixture. Thus we compared the nitrogen to sulfur content ratio for an indirect comparison. The comparison of N/S content ratio revealed that the crystals were close to ammonium bisulfate. From this observation, we considered the crystals to be ammonium bisulfate. The observed nitrogen and sulfur content of the crystals, which are small compared to ammonium bisulfate, seemed to result from the content of the compounds such as crystal water. Further literature investigation of the solubility cufve in a ( (NH4)2so4 + H2SO4 + H2O ] system showed that under the strong acid environment we used, ammonium sulfate with sulfuric acid or ammonium bisulfate easily forms a sold crystal phase. 
Results and Discussion
Preiiminary Process Design
In order to obtain an estimation for the process streams of the limdimestone process presented in Fig.1 , a preliminary material balance was established for a basis of 300 MWe power plant facility. To simplify the calculation, the bleed for precipitation of N-S compounds, i.e., stream-4, was taken as 840 GPM for 300 MWe facility. Other basic assumptions and conditions are summarized in Table 2 . 
6-4
Composition MgS04 = l0,OOOppm 3). To determine the lime addition rate, the crystallizer was assumed to operate at pH -8.3.
From the batch experiment result presented in Fig.2 4). Using the batch experiment result presented in Fig.3 , the total amount of precipitated crystal crop after the DDO-1 crystallizer was calculated. From the batch experiment result, it was assumed that 2.7 g crystals/lOO mi M.L. were precipitated at pH -8.3
and that 67% of the precipitated crystals is equivalent to CaADS. Then, a) Total Amount of crystals precipitated after the DDO-1.
= 11370 Ib/hr = (input ML. to DDO-1) x 2.7 @lo0 ml = 191016 literhr x 2.7 g/lo0 ml x lo00 ml/liter x 11b/453.6 g b) Amount of CaADS precipitated a!b the DDO-1. The crystal crop precipitated after the DDO-1 crystallizer was assumed to be composed of CaADS, CaS04, and MgS04, and then the amount of MgS04 in the precipitated crystals was estimated as:
= 900 Ibhr 5). For a DDO operation of the crystallizer, the over-and under-flow rates were estimated by assuming DDO ratio = 9 (thus, the liquid phase in the DDO-1 crystallizer was assumed to be distributed as 8: I ratio for the overflow and underflow). In the above described material balance around the DDO-1 crystallizer, a sulfate balance may not match. This mismatch is finally reflected in the water balance. This happened because some part of the added lime was assumed to be converted to CaS04 but the amount of SO4 ions precipitated as the CaS04 was not taken into account. However, this discrepancy is so small compared to the major species of concern that the result would not deviate much from the numbers given in the enclosed flow sheet.
Material Balance around the hydrolyzer (DDO-2)
The flow streams around this hydrolym are schematically presented in Fig.15 . The solid crystal product precipitated in the DDO-1 crystallizer is fed to the hydrolyzer @DO-2) along with the make-up sulfuric acid solution and the liquor stream recycled from the neutralizer. The feed rate of the solid crystal product was determined in the DDO-1 crystallizer. In this DDO-2 crystallizer, N-S compounds in the solid crystal product feed are converted by hydrolysis to ammonium sulfate. For the case of CaADS, the stoichiometry of the hydrolysis reaction can be written by This hydrolysis stoichiometry shows the consumption of € 3 2 0 and production of H2SO4 along with (NH4)2SO4, which should be considered in the material balance of the hydrolyzer. Under the acid condition of the hydrolysis liquor, the ammonium sulfate formed may be combined with H2S04 and actually exist as ammonium bisulfate form.
However, the form of the product would not affect the overall material balance. The liquor stream recycled from the neutralizer was assumed to be composed of H2S04, (NH&S04, and H2O. The neutralizer was assumed to crystallize (NH4)2SO4 in 2.5 wt % H2SO4 around room temperature and then the liquor stream was recycled from the neutralizer saturated with approximately 44 wt % (NH4)2SO4. For the hydrolysis of potassium salts of N-S compounds, we observed that sulfuric acid concentration in the hydrolyzer could be adjusted from 0.5 M to 2 M H2SO4 (approximately 5 -20 wt 96) without affecting the hydrolysis characteristics of the N-S compounds. Assuming these hydrolysis characteristics also apply for CaADS, the flow rate of the recycle stream from the neutralizer was determined to yield the sulfuric acid concentration in the hydrolysis crop product at the acid range. In the material balance provided in Fig.15 , the recycle stream from the neutralizer was determined so that the hydrolyzer was operated under 7.1 wt 96 of
H2SO4.
As shown in the overall process diagram in Fig.1 , the hydrolysis liquor coming from the hydrolyzer was fed to the neutralizer after CaS04/MgS04 was removed. In the neutralizer, the portion of sulfuric acid produced by the hydrolysis of N-S compounds was ammonia to yield (NH4)2S04. Therefore, the net production of (MI4)2S04 becomes twice that of (NH4)2S04produced in the hydrolyzer (because, from the stoichiometry of the hydrolysis, equimolar amount of (NH4)2S04 and H2SO4 are produced from CaADS). Table 3 provides a summary of mateiial balances for the limelIimestone process in Fig. 1 . In Table 3 it is noted that the net production of (NH4)2SO4 for 300 W e facility is estimated as 4678 lbs/hr (56 tondday).
